Background: The association of body mass index (BMI) with survival after lung transplantation remains controversial, owing to conflicting evidence in the literature. Previous reports have used traditional BMI categories, included patients who underwent transplantation before implementation of the lung allocation score (LAS), or were limited by single-center experiences. Here we evaluated the association of individual BMI units with short-term and longterm mortality in a large national database following implementation of the LAS.
Perspective
Here we estimated the independent risk of short-term and long-term lung transplantation mortality associated with recipient BMI. Given the findings in this report, we propose that the mortality risk associated with each BMI unit be considered by transplant centers when making listing decisions and by regulatory bodies when estimating expected posttransplantation outcomes.
See Editorial Commentary page 1880.
See Editorial page 1869.
Lung transplantation is a life-saving therapy for patients with end-stage lung disease. Expansion of clinical indications combined with improvements in perioperative recipient management and donor utilization have resulted in rapid growth, with a 44.3% increase in lung transplantations between 2006 and 2015. 1 Nevertheless, lung recipients continue to suffer from poor long-term survival, with only approximately 50% alive at 5 years. 2, 3 Several recipient risk factors associated with poor outcomes following lung transplantation have been identified, including primary lung disease, age, kidney dysfunction, and severity of pretransplantation lung dysfunction. 4 Unfortunately, most of these risk factors cannot be mitigated to improve survival after lung transplantation. Recipient nutritional status also has been evaluated as a predictor of post-lung transplantation outcomes. Although several measures of nutritional status, including leptin concentration and body composition, have been studied, recipient body mass index (BMI) remains the most practical and widely used measure at medical centers worldwide. 5, 6 Studies have correlated higher BMI with poor outcomes 6 and have indicated that preoperative reduction in recipient BMI improves survival after lung transplantation. 7 Similarly, poor nutritional status, reflected by low BMI, is associated with higher mortality following lung transplantation. 8, 9 Intriguingly, however, these findings have been refuted by other studies reporting no effect of recipient BMI status on survival following lung transplantation. 10, 11 The conflicting evidence in these studies results from the inconsistent use of the broad World Health Organization-defined BMI categories, small study size, and single-institution experience. As such, the impact of BMI in lung allograft recipients remains debatable.
Because recipient BMI can be modified before transplantation, determining the impact of BMI on lung transplantation outcomes is important. To address the limitations of the previous studies, we evaluated all lung transplant recipients in the United States following the implementation of lung allocation score (LAS) using the national Scientific Registry of Transplant Recipients (SRTR) database. Furthermore, instead of using the broad BMI categories, we analyzed the impact of individual BMI units on both short-term and long-term lung transplantation-related mortality.
METHODS

Data Collection
This study used data from the SRTR. The SRTR data system includes data on all donor, wait-listed candidates, and transplant recipients in the United States, submitted by the members of the Organ Procurement and Transplantation Network. The Health Resources and Services Administration of the US Department of Health and Human Services provides oversight to the activities of the Organ Procurement and Transplantation Network and SRTR contractors. We included subjects who underwent lung transplantation after the introduction of the LAS between May 2005 and June 2016. We included both single and bilateral lung recipients age !18 years at the time of listing with lung donors of at least 12 years of age. We excluded subjects with missing data on LAS, BMI, and donor characteristics. The primary outcome was all-cause mortality at 90 days and 1 year posttransplantation.
The variables collected for these analyses included donor and recipient factors. The included donor variables were age, race, sex, cytomegalovirus (CMV) serostatus, smoking history >20 pack-years, blood type, cause of death, diabetes, and serum creatinine concentration. For recipients, we included age, race, sex, CMV status, underlying lung disease, BMI, blood type, presence of pulmonary hypertension, 6-minute walk test results, cardiac output, preoperative extracorporeal membrane oxygenation (ECMO) use, LAS, serum creatinine level, and lung ischemia time. For bilateral lung transplant recipients, we used the ischemic time of either the right or left lung, whichever was longer.
Data Analysis
All statistical analyses were conducted using Stata/MP14 (StataCorp, College Station, Tex). Univariate analysis of donor and recipient characteristics was performed using the Student t test for continuous variables and the c 2 test for categorical variables. Significance was set at P <.05. Restricted cubic splines with 3 knots, placed at the 10th, 50th, and 90th percentiles, were used to assess the nonlinear association between BMI and mortality. The optimal number of knots was selected using the Akaike information criterion, with knot placement using a standard approach. 12 We then performed traditional logistic regression modeling with a stepwise backward approach. Independent variables with a P value of .20 were retained in the model. Based on that criterion, for 90-day mortality, the following factors remained in the model: recipient age at listing, recipient sex, primary lung disease, diagnosis of pulmonary hypertension, 6-minute walk test distance, preoperative ECMO use, LAS, ischemic time, and serum creatinine level (Table 4) . At 1 year, the following factors remained in the model: donor race, donor sex, donor smoking history, donor diabetes, recipient age at listing, recipient sex, primary lung disease, 6-minute walk test distance, LAS, ischemic time, and recipient serum creatinine level (Table 5) .
We calculated the predicted probability of mortality per BMI unit using the logistic regression model, establishing the individual BMI unit with the lowest predicted probability of death at both 90 days and 1 year. We subsequently compared all BMI units to this baseline to calculate the odds ratio (OR) for mortality at each individual BMI unit relative to the baseline BMI. In a similar fashion, we performed subanalyses by lung transplant type (single vs bilateral) and by primary lung disease category.
RESULTS
Study Population
A total of 17,854 lung transplantations performed between May 2005 and June 2016 are included in the SRTR database. We excluded 550 transplantations for failing to meet age criteria for the donor ( 12 years) and/or recipient ( 18 years). We excluded an additional 71 patients for missing key data, such as recipient BMI, LAS, and donor characteristics. Therefore, our final analysis included 17,233 lung transplant recipients ( Figure 1 ). The demographic and clinical characteristics of the entire study population are summarized in Table 1 . All-cause mortality was 6.3% at 90 days and 13.8% at 1 year. 
Donor Factors and Mortality
We first assessed the impact of donor demographic and clinical factors on posttransplantation mortality (Table 2 ). There were no significant differences in donor characteristics between the recipients who were alive or dead at 90 days posttransplantation; however, at 1 year, recipient mortality was associated with donors who were older (mean, 35.5 AE 14.6 years vs 34.4 AE 14.0 years; P < .001), were CMV seropositive (67% vs 62.5%; P < .001), and had a >20 pack-year smoking history (12% vs 9%; P ¼ .004). There was also a larger fraction of female donors (42% vs 39%; P ¼ .03), African-American donors (P ¼ .01), and stroke as the donor cause of death (P ¼ .01) in the deceased group at 1 year.
Recipient Factors and Mortality
We next evaluated the impact of recipient demographic and clinical characteristics on posttransplantation mortality ( 4 feet vs 803.6 AE 459.4 feet; P < .001) were associated with increased mortality. Factors associated with increased mortality at 1 year included older mean age (56.4 AE 13.1 years vs 54.7 AE 13.1 years; P<.001), male sex (65% vs 59.5%; P <.001), primary lung disease (P <.001), higher mean BMI (25.50 AE 5.00 kg/m 2 vs 25.20 AE 4.70 kg/m 2 ; P ¼ .004), preoperative ECMO use (5% vs 2.4%; P <.001), higher mean LAS (51.0 AE 19.6 vs 47.2 AE 17.3; P < .001), higher mean serum creatinine level (0.93 AE 0.45 mg/dL vs 0.85 AE 0.46 mg/dL; P<.001), longer mean ischemic time (311.8 AE 110.9 minutes vs 306.4 AE 104.0 minutes; P ¼ .02), and shorter mean distance on the 6-minute walk test (721.0 AE 463.9 feet vs 809.8 AE 457.6 feet; P <.001).
Mortality Risk per BMI Unit
Using our logistic regression model, we identified BMI as an independent predictor of mortality at both 90 days and 1 year posttransplantation (Tables 4 and 5 ). We calculated the probability of mortality per individual BMI unit to identify the BMI associated with the lowest risk of death ( Figure 2 ). At 90 days, a BMI of 25 had the lowest predicted Table E1 .
Odds of Mortality per Individual BMI Compared With Baseline
Using the adjusted logistic regression model, we found that for every individual BMI unit increase or decrease from the baseline BMI with lowest probability of death, there was an incremental increase in the OR of mortality at both 90 days and 1 year (Figure 3) . At 90 days, compared with the baseline BMI of 25, the OR for mortality became significant for a BMI of 20 (OR, 1.18; 95% CI, 1.02-1.36) and a BMI of 28 (OR, 1.07; 95% CI, 1.02-1.13). For 1-year mortality, a BMI of 24 on the low end (OR, 1.04; 95% CI, 1.01-1.07) and a BMI of 28 on the high end were associated with significantly higher odds of mortality (OR, 1.04; 95% CI, 1.01-1.07) compared with the baseline BMI of 26. The complete range of ORs for mortality per BMI unit for both 90-day and 1-year mortality is provided in Table E2 . The hierarchical logistic regression model generated similar results (Table E3) .
Subgroup Analysis of Mortality Odds Using BMI Range as Baseline
Because BMIs of 24 to 26 were associated with similar probabilities of mortality at 90 days, we grouped them to define a baseline BMI range with the lowest probability of mortality. We then calculated the OR of mortality for the remaining BMI ranges (11-23 and 27-43) compared with the group with BMIs of 24 to 26. OR for mortality remained significant for BMI 20 (BMI 20: OR, 1.17; 95% CI, 1.01-1.35) and !28 (BMI 28: OR, 1.07; 95% CI, 1.02-1.12). These values were no different than those obtained in the main analysis using BMI 25 as the baseline.
Similar to the 90-day data, at 1 year patients with a BMI of 25 to 27 had similarly low probabilities of death and thus were grouped together. We compared all other BMIs with this group. On the low end, OR remained significant at BMI 24 (BMI 24: OR, 1.03; 95% CI, 1.01-1.06); however, on the high end, BMI !29 became significant (BMI 29: OR, 1.07; 95% CI, 1.02-1.12), which was 1 unit higher than was found in the analysis using BMI 26 as the baseline value.
Subgroup Analysis by Primary Lung Disease and Single Versus Bilateral Lung Transplantation
Previous studies have reported that the effect of BMI on recipient outcomes differs according to the type of primary lung disease.
13,14 Although we found BMI to be an independent predictor of recipient mortality regardless of primary lung disease as described above, we sought to apply our approach of analyzing BMI as individual units to each of the lung disease categories as defined by the United Network for Organ Sharing (UNOS) 3 to better characterize the effect of BMI on the disparate lung transplant recipient cohorts.
We found that of the 4 disease categories, only in the restrictive lung disease cohort did BMI emerge as an independent predictor of mortality at both 90 days and 1 year, with BMIs of 25 and 26 associated with the lowest predicted probabilities of death at 90 days and 1 year, respectively. On the low end, a BMI 20 was associated with an increased risk of mortality at 1 year (BMI 20: OR, 1.23; 95% CI, 1.02-1.48). For 90-day and 1-year mortality, a BMI !29 had significantly increased odds of mortality (BMI 29: 90-day OR, 1.11; 95% CI, 1.01-1.22; 1-year OR, 1.08; 95% CI, 1.01-1.14) (Table E3) . Similarly, in the obstructive lung disease cohort, a BMI !29 was associated with an increased risk of mortality compared with the baseline BMI of 24 (BMI 29: OR, 1.28; 95% CI, 1.02-1.62) for 90-day mortality. In the pulmonary vascular disease cohort, a BMI 24 was associated with an increased risk of mortality at 1 year compared with a baseline BMI of 27 (BMI 24: OR, 1.17; 95% CI, 1.01-1.35). BMI was not a predictor of mortality for obstructive lung disease at 1 year or for pulmonary vascular disease at 90 days. Interestingly, BMI also was not a significant predictor of mortality in the cystic fibrosis cohort at any time point (Table E3) . Subanalysis of the single lung transplantation cohort was notable for failure to reach statistical significance for mortality OR at 90 days. The bilateral lung transplantation cohort also failed to reach statistical significance on the low end for 90-day survival. Otherwise, findings were similar to those for the entire study group (Table E3) .
DISCUSSION
The impact of BMI on outcomes of lung transplantation has been an active area of investigation; however, the effect on lung recipient survival remains controversial owing to the conflicting evidence in the literature. The body of literature consists mainly of retrospective single-center studies limited by small sample size and inherent selection bias. 5, 11, 15, 16 The first study to report the association between transplant recipient BMI and survival using a large national database was published by Lederer and colleagues in 2009. 14 In a series comprising more than 5900 patients in the UNOS database, being underweight, overweight, or obese was associated with an independently increased risk of mortality.
14 However, in a study reported by Singer and colleagues 6 using the same UNOS database, overweight patients and patients with class I obesity were found to have a similar risk of mortality as normal-weight individuals, but underweight patients and those with class II to III obesity had an elevated 1-year mortality. In contrast, Chaikriangkrai and colleagues 5 found lower mortality in overweight recipients compared with normal-weight recipients. The impact of being underweight on survival after lung transplantation also lacks uniformity in the literature. 9, 17, 18 Additional limitations of the literature on BMI and lung transplantation-related mortality are the inclusion of subjects from the pre-LAS era and adherence to the predefined broad BMI categories.
In this study, we evaluated the impact of individual BMI units on post-lung transplantation mortality following implementation of the LAS and determined the BMI cutoffs predictive of increased short-term and long-term mortality. Our study demonstrates that each BMI unit carries a distinct risk for posttransplantation mortality. We found that BMIs of 25 and 26 at time of listing were associated with the lowest probability of death at 90 days and 1 year, respectively. Interestingly, both of these BMI units lie within the traditional ''overweight'' BMI category. Previous studies have assumed the lowest mortality in patients within the normal BMI category and thus have compared all other BMI classes with the normal group for drawing their conclusions. Our study does not support that assumption. We also found that a BMI !28 was independently associated with increased odds of mortality at both early and late time points. It was indeed surprising OR, Odds ratio; CI, confidence interval; BMI, body mass index; COPD, chronic obstructive pulmonary disease; PF, pulmonary fibrosis; CF, cystic fibrosis; LAS, lung allocation score.
to find that the lowest probability of mortality and the threshold above which mortality significantly increases were both within the overweight BMI class. This indicates that patients within any BMI category represent a heterogeneous group in terms of posttransplantation mortality risk. However, previous studies assumed that all patients within a BMI class have the same risk. This might have been a limitation of the previously published studies and explains the conflicting nature of the data regarding the impact of BMI on survival outcomes in lung transplant recipients. It is widely known that lung transplantation continues to be associated with the worst graft survival of all solid organs. 2 Although the causes of graft loss and patient mortality are multifactorial, with many potential points of intervention across the care continuum, preoperative candidate optimization and selection continue to be of paramount importance. The implementation of the LAS in 2005 sought to improve lung allocation in the United States and has resulted in reduced wait-list mortality in certain patient groups 19 ; however, its impact on posttransplantation survival is still being evaluated. 19, 20 Intriguingly, the LAS incorporates recipient BMI in predicting wait-list mortality, but not in predicting posttransplantation survival. 21 Based on our findings, we propose that BMI should be included in the estimation of posttransplantation mortality in the LAS. Furthermore, posttransplantation outcomes should factor in a correction for BMI-based risk, to avoid unfairly penalizing transplantation centers for performing transplantations in sicker patients with higher or lower BMI. Although BMI is a potentially modifiable factor, weight loss in patients needing a lung transplant is not FIGURE 1. Flowchart for subjects included in the study. LAS, Lung allocation score; BMI, body mass index. FIGURE 2. Predicted probability of death per body mass index (BMI) unit. Adjusted logistic regression model used in the analyses. A BMI of 25 at listing was associated with the lowest predicted probability of death at 90 days (A), whereas at 1 year, a BMI of 26 was associated with the lowest predicted probability of death (B). Bars represent 95% confidence intervals. always feasible, owing to the inability to implement a weight-loss exercise regimen in severely incapacitated patients with end-stage lung disease. In addition, these patients often require steroids to stabilize the chronic lung disease, further limiting their ability to lose weight. Finally, transplantation urgency might preclude a safe weight loss program.
The consensus statement from the International Society for Heart and Lung Transplantation recommends that a BMI !30 be considered a relative contraindication to lung transplantation. 22 In response to the reported impact of recipient BMI on lung transplantation outcomes, transplantation centers across the country have developed stringent BMI thresholds for lung transplantation candidacy. Our findings suggest that for potential lung transplantation candidates starting out in an overweight or obese category, aggressive weight loss regimens with BMI targets in the normal range as a listing requirement might not be necessary, given that BMIs in the upper normal weight to overweight categories were associated with the lowest probability of death. In addition, BMI up to 28 was not associated with increased odds of mortality. Our analyses also generated notable findings at lower end of the BMI range, with BMI 20 associated with significantly increased odds of mortality at 90 days. The findings for 1-year mortality were more surprising, with a BMI 24 imparting an increased odds of death compared with the baseline BMI. It is generally accepted that patients can lose up to one-third of their body weight following lung transplantation. Thus, a plausible explanation for why normal-weight individuals may be at increased risk of death could be the peritransplantation weight loss leading to a malnourished state after transplantation. Nevertheless, it is important to understand that although the mortality associated with lower BMI achieved statistical significance, it was only marginally higher than the nadir. Thus, the urgency of transplantation, overall patient status, and practice preferences at the individual center should be considered along with BMI considerations before making a final decision about listing the patient.
A weakness of our study is the retrospective nature of the analysis. Nevertheless, by including all recipients undergoing transplantation in the country, we minimized potential selection bias. We acknowledge that the LAS formula has been adjusted since its debut in 2005, potentially introducing a confounding factor that may have remained unaccounted for. We concede that BMI might not always accurately reflect body composition. Other parameters, such as percent body fat, visceral fat area, and waist-to-hip ratio, may be more accurate; however, the performance of these parameters as risk factors for survival in lung transplant recipients is unknown, because they have not been well studied. Furthermore, these parameters are not routinely obtained as part of the lung transplantation workup in most centers, and thus are not available in the SRTR database. Despite the shortcomings of BMI as a measure of body composition, it is the simplest and most widely used system that has been well studied and can be derived anywhere across the globe, even in resource-limited settings. We also recognize that BMI is not a static measure and can fluctuate depending on any number of clinical factors. Nevertheless, by analyzing the BMI at the time of listing, we created a baseline that can be applied uniformly by all transplantation centers when listing decisions are made. We propose that our findings should not be used to conclude that heavier or thinner patients should not be undergo transplantation. Rather, the risk determined by individual BMI units should be used to make educated decision about each patient's risk by each individual center. Furthermore, the risk associated with BMI should be used to adjust the expected outcomes for lung transplant recipients accordingly. 
CONCLUSIONS
In summary, BMI is an independent predictor of mortality in lung transplant recipients at both 90 days and 1 year posttransplantation in the contemporary LAS era. Recipient BMI 20 and !28 at the time of listing are associated with independently increased risks of both short-term and long-term mortality. The BMI relationships in our study demonstrate the heterogeneity in patients within the traditional BMI classes and caution against the use of traditional BMI classes to determine posttransplantation outcomes. Nevertheless, recipient BMI should be considered in estimating posttransplantation survival when listing patients for lung transplantation.
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